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SUMMARY 


Wind-tunnel  tests  were  performed  at  Mach  numbers  of  1,5  and  2.0  to 
investigate  the  influence  of  tall  surfaces  on  the  base  drag  of  a  body 
of  revolution  without  boattailing  and  having  a  turbulent  boundary  layer. 

The  tall  surfaces  were  of  rectangular  plan  form  of  aspect  ratio  2.33  and  had 
a  symmetrical j  circular— arc  airfoil  section.  The  results  of  the  investi¬ 
gation  showed  that  the  addition  of  these  tall  surfaces  with  the  trailing 
edges  at  or  near  the  body  base  inciu-red  a  large  Increase  in  the  base- 
drag  coefficient.  For  a  cruciform  tall  having  a  10-percent-thlck  airfoil 
section^  this  Increase  was  about  TO  percent  at  a  Mach  number  of  I.5  and 
35  percent  at  a  Mach  number  of  2.0.  As  the  trailing  edge  of  the  tail 
was  moved  forward  or  rearward  of  the  base  by  about  one  tail— chord  length, 
the  base— drag  increment  was  reduced  to  nearly  zero.  The  increments  in 
base-drag  coefficient  due  to  the  presence  of  10— percent— thick  tall 
surfaces  were  generally  twice  those  for  5— percent-thick  surfaces.  The 
base— drag  increments  due  to  the  presence  of  a  cruciform  tail  were  less 
than  twice  those  for  a  plane  tail. 

An  estimate  of  the  change  in  base  pressure  due  to  the  tall  svirfaces 
was  made,  based  on  a  simple  superposition  of  the  airfoil— pressure  field 
onto  the  base— pressure  field  behind  the  body.  A  comparison  of  the 
results  with  the  experimental  values  indicated  that  in  most  cases  the 
trend  in  the  variation  of  the  base-drag  increment  with  changes  in  tail 
position  could  be  predicted  by  this  approximate  method  but  that  the 
quantitative  agreement  at  most  tall  locations  was  poor. 


INTRODUCTION 


The  pressure  acting. on  the  base  of  a  body  of  revolution  flying  °t 
supersonic  velocity  is  of  considerable  importance  because  the  ba,se  drag 
can,  in  some  cases,  be  more  than  half  of  the  total  drag.  Numerous 
wind-tunnel  and  free— flight  Investigations  have  been  performed  to 
determine  the  magnitude  of  the  base  pressure  at  various  supersonic 
Mach  numbers.  A  comparison  of  the  results  of  four  independent 
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Investigations  with  todies  of  revolution  without  toattailing  and  with 
turtulent  bomdary  layers  (references  1,  2.,  3,  and  4)  is  shown  in 
figure  1.  The  data  from  references  1  and  2  were  obtained  in  wind  ' 
tunnels,  and  those  from  references  3  ^  were  measured  in  free  flight 

by  means  of  firings  in  a  ballistics  range  and  of  rochet  launchings, 
respectively.  Figure  1  shows  that  the  base— pressure  coefficients  from 
references  1,  2,  and  3  are  in  essential  agreement,  whereas  the  corre¬ 
sponding  results  from  reference  1)-,  for  which  tail  surfaces  were  present 
on  the  body,  are  considerably  more  negative.  On  the  basis  of  a  unlfom 
pressure  measured  over  the  base  d\jring  the  latter  tests,  it  was  concluded 
in  reference  4  that  such  differences  were  not  due  to  the  presence  of  tail 
surfaces  near  the  body  base .  Instead,  it  was  suggested  that  these 
differences  may  be  due  to  the  small  dynamic  scale  (E,  1  to  5  million)  of 
most  wind-tunnel  data  compared  to  that  of  reference  4  (E,  I6  to 
110  million),  although  the  results  of  reference  4  showed  no  effect  of 
Eeynolds  number  on  the  base— pressure  coefficient  over  the  Eeynolds 
number  range  tested.  In  reference  5^  differences  in  base— pressure 
results  between  wind-tunnel  and  free— flight  tests  are  attributed  to  the 
effects  of  the  reflected  model  bow  wave  on  the  wind-tunnel  measurements. 
However,  the  Biore  recent  results  of  reference  1  show  that  the  results 
of  that  reference  presented  in  figure  1  were  independent  of  Eeynolds 
number  and  were  not  affected  by  reflected  shock  waves ,  It  appears 
therefore  that  the  differences  shown  in  figure  1  may  be  caused  by  the 
presence  of  tail  surfaces.  Since  the  trailing  edges  of  the  tail  sur¬ 
faces  are  located  at  the  base  of  the  body,  and  since  the  pressures  near 
the  trailing  edge  of  the  tall  at  zero  angle  of  attack  are  less  than  the 
free-etream  values,  the  interaction  of  this  pressure  field  with  the  flow 
behind  the  base  may  result  in  a  reduction  of  the  base  pressure  and,  hence, 
in  an  Increase  in  the  base  drag. 

The  present  investigation  was  mdertaken  to  measure  the  effect  of 
tail  surfaces  on  the  base  pressure  of  a  body  of  revolution  in  an  attempt 
to  resolve  the  differences  between  the  base— pressure  results  indicated 
in  figure  1.  It  was  also  the  purpose  of  the  investigation  to  determine 
the  variation  of  the  base  pressure  with  axial  location  of  the  tail  sur¬ 
faces,  number  of  tall  surfaces,  and  airfoil  thickness  ratio. 


NOTATION 


c  tail  chord 

base-drag  coefficient 


I 


base  drag 
body  length 
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Mach  nuniber 

local  airfoil  static  pressure 
base  pressure 

free— stream  static  pressure 
airfoil  pressure  coefficient  ^ 

base— pressure  coefficient 

change  in  base-pressure  coefficient  due  to  tall  surfaces 

P  — P 

V  ^-tail  on  ^tail  off 

free— stream,  dynamic  pressure 

Eeynolds  number 

dead-aii^egion  surface  area 

base  area 

maximum  tail  thickness 
free-stream  velocity 

distance  of  tail  trailing  edge  forward  of  base 
(See  fig.  2(a) .) 

kinematic  viscosity 


APPAEATUS 

Wind  Tunnel  and  Balance 


The  investigation  was  conducted  in  the  Ames  1—  by  3-foot  supersonic 
wind  tunnel  No.  1.  Ihis  wind  tunnel  is  a  closed-circuit,  continuous- 
operation  tunnel  in  which  the  Eeynolds  number  can  be  varied  by  changing 
the  absolute  pressure  in  the  tunnel  from  one— fifth  of  an  atmosphere  to 
approximately  three  atmospheres.  A  ^fech  numher  variation  from  1.2  to 
2.k  is  obtained  by  adjusting  the  shape  of  the  flexible  steel  plates 
which  form  the  upper  and  lower  walls  of  the  nozzle.  The  tunnel 
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is  equipped  with  a  strain-gage  type  balance  for  measuring  the  aerodynamic 
forces  on  sting-supported  models. 


Madel  and  Support 


The  general  configuration  and  the  dimensions  of  the  model  are  shown 
in  figure  2.  The  body  consisted  of  a  10-caliber,  tangent,  ogival  nose 
followed  by  a  cylindrical  afterbody  I.25O  inches  in  diameter.  The  fine¬ 
ness  ratio  of  the  basic  short— body  configuration  was  6.12.  An  additional 
cylindrical  section  was  available  for  insertion  between  the  ogival  nose 
and  the  afterbody  which  increased  the  fineness  ratio  to  7.65. 

The  tail  fins  were  of  rectangular  plan  form  and  of  symmetrical 
circular-arc  airfoil  section  with  maximum  thickness  ratios  of  5  and 
10  percent.  The  tail  fins  were  removable,  which  permitted  the  model  to 
be  tested  body  alone  or  as  a  body— tail  combination  with  either  a  plane 
(two-fin)  or  a  cruciform  (four-fin)  tail.  Longitudinal  slots  in  the 
cylindrical  section  of  the  body  permitted  the  tail  fins  to  be  moved  fore 
and  aft  in  increments  of  one-fifth  the  chord  length.  In  the  most  for¬ 
ward  position,  the  trailing  edge  of  the  tall  was  one  chord  length  ahead 
of  the  body  base,  and  in  the  most  rearward  position,  the  trailing  edge 
of  the  tail  was  one  chord  length  behind  the  body  base. 

The  model  was  attached  to  the  balance  by  means  of  a  l/2-inch-dlameter, 
5-inch-long  support  sting  which  was  an  Integral  part  of  the  body.  The 
ratio  of  the  support  to  body  diameter  was  0.4  and  the  support  length  was 
four  times  the  body  diameter.  This  design  was  selected  on  the  basis  of 
the  results  of  references  1  and  6  which  indicate  that,  with  this  support 
configuration,  the  effects  of  support  interference  on  the  base  pressure 
of  the  body  are  small.  Figure  2(b)  shows  the  model  with  cruciform  tail 
installed  in  the  wind  tunnel.  The  plane— tall  configuration  was  installed 
with  the  tall  chord  plane  parallel  to  the  short  (l  ft)  dimension  of  the 
wind  tunnel. 

Four  0 .03— inch-diameter  pressure  orifices  were  located  1/32  inch 
behind  the  body  base.  These  orifice  holes  were  drilled  radially  into 
the  sting  at  45°  from  the  planes  of  the  tail  fins  and  were  connected  to 
a  common  base— pressure  line,  A  base— pressure  survey  rake  of  five 
0.03— inch-diameter  steel  tubes  was  used  during  moat  of  the  test  runs  to 
investigate  the  uniformity  of  the  pressure  acting  over  the  base.  (See 

fig.  3.) 

The  results  of  reference  1  show  that  the  base  pressure  can  be 
affected  by  the  intersection  and  resulting  interaction  with  the  dead-air 
region  of  the  body-nose  shock  wave  reflected  from  the  tunnel  walls .  The 
effect  on  the  base  pressure  is  excessive  if  this  intersection  occurs  at 
a  point  close  to  the  base.  For  the  short  model  length,  which  was  used 
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in  all  the  tests  for  which  data  are  presented  herein,  the  intersection 
with  the  dead-air  region  of  the  reflected  how  wave  at  a  Mach  number 
of  1.5  occurred  at  approximately  2.6  diameters  downstream  of  the  base. 
According  to  the  results  of  reference  1,  this  intersection  is  suffi¬ 
ciently  far  downstream  that  the  base— pressure  results  presented  should 
not  be  significantly  affected. 


TESTS 


Tests  at  zero  angle  of  attack  were  conducted  with  the  body  alone 
and  with  both  plane—  and  cruciform— tail  configurations  mounted  on  the 
body  at  various  longitudinal  positions.  The  body— tail  combinations 
were  tested  with  both  and  10— percent-thick  tail  sections.  In  general, 
the  configurations  tested  employed  the  short  body  (7-656  in.  long) 
with  a  l/4— inch-wide  salt  band  placed  on  the  ogival  nose  to  insure  local 
transition  to  a  t\irbulent  boundary  layer.  However,  several  runs  were 
made  with  the  long  body  (9.562  in.  long)  at  M=2.0  (where  no  effects  of 
shock-wave  reflections  exist)  to  determine*  whether  or  not  the  effect  of 
the  body-nose  pressure  field  on  the  base— pressure  was  appreciable. 
Additional  tests  with  the  body  nose  smooth  were  made  to  investigate  the 
effect  of  the  type  of  boundary  layer  approaching  the  base . 

Base— pressure  measurements  were  made  by  means  of  the  orifices  in 
the  sting  at  tunnel  total  pressures  corresponding  to  a  Reynolds  number 
range  of  0. 5  x  10  ®  to  4.5  x  10^  at  Mach  numbers  of  I.5  and  2.0.  In 
addition  to  the  pressure  measured  by  the  orifices  in  the  sting  support, 
the  pressure  distribution  over  one  quadrant  of  the  model  base  was 
measured  by  means  of  the  pressure  siu?vey  rake  during  most  of  the  test 
runs  in  order  to  determine  the  variation  in  the  pressure  over  the  base 
area.  The  results  of  these  pressure— distribution  tests  indicate  that 
the  average  deviation  from  the  mean  base— pressure  coefficient  was ±0.003, 
which,  as  shown  later,  is  equal  to  the  uncertainty  in  the  base— pressure 
meas-urements .  All  base— pressure  coefficients  have  been  corrected  for 
the  effect  of  axial  static— pressure  variation  in  the  wind-tunnel  stream. 

Total— drag  measurements  were  made  at  only  the  highest  Reynolds 
number  for  Mach  numbers  of  both  I.5  and  2.0. 

The  precision  of  the  results  presented  for  the  base— pressure 
coefficient  has  been  computed  from  the  uncertainties  in  each  of  the 
measured  quantities  and  in  the  corrections  due  to  the  pressure  gradi¬ 
ents  in  the  wind-tunnel  stream.  It  was  found  that  the  major  error  was 
due  to  the  uncertainty  with  which  the  stream  pressure  gradient  was 
known.  Other  sources  of  error,  such  as  the  errors  due  to  the  uncertainty 
in  the  readings  of  the  manometer  tubes  were  found  to  be  negligible.  It 
is  estimated  that  the  total  uncertainty  in  the  measured  base— pressure 
coefficient  is±0.003. 
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ANALYSIS 


The  addition  of  tail  surfaces  near  the  “base  of  a  tody  results  in  a 
change  in  the  pressures  in  this  region  on  account  of  the  airfoil  thick¬ 
ness  distribution.  Since  (as  indicated  in  reference  1)  the  base  pressure 
is  largely  the  result  of  the  local  stream  conditions  in  this  region^  such 
an  addition  would  be  expected  to  change  the  base  pressure  of  the  body. 
Although  this  base— pressure  change  is  not  subject  to  accurate  analytical 
treatment  because  of  the  complex  nature  of  the  flow  involved^  calculations 
have  been  made  on  the  basis  of  several  simplifying  assumptions  in  an 
effort  to  obtain  an  estimate  of  the  order  of  magnitude  of  the  effect  of 
tail  surfaces  and  their  positions  on  the  base  pressiuce  of  a  body  of  revo¬ 
lution. 


The  simplified  flow  field  used  for  these  calculations  is  shown  in 
figure  4.  From  the  resiilts  of  reference  1,  it  is  known  that  any  dis¬ 
turbance  which  impinges  on  the  dead-air  region  can  affect  the  base 
pressure*  Hence,  for  the  present  analysis,  it  was  assimied  that  the 
base-pressure  increment  due  to  the  tail  surfaces  is  a  function  only  of 
the  airfoil  pressure  coefficients  at  the  boundary  of  the  dead-air  region 
(see  fig.  4).  It  was  further  assumed  that  the  magnitude  of  this  incre— . 
ment  is  equal  to  the  integrated  average  over  the  surface  of  the  dead-air 
region  (shaded  area  of  fig.  4)  of  these  pressure  coefficients.  Since 
the  airfoil  pressure  coefficient  is  zero  in  region  (l),  the  base-pressure 
increment  is  given  by  the  relationship 


S(x) 


PdS 

+  3^2) 


where  (l)  and  (2)  refer  to  regions  on  the  surface  of  the  dead-air  region 
identified  in  figure  4.  The  inclined  lines  emanating  from  the  tail  sur¬ 
face  in  figure  4  represent  lines  of  constant  pressure  for  an  airfoil  in 
uniform  two-dimensional  flow,  and  from  this  two-dimensional  airfoil  pres¬ 
sure  field  the  local  pressure  coefficients  P  at  each  point  in  region  (2) 
may  be  obtained  for  use  in  the  foregoing  equation.  For  the  calculations 
performed  in  the  present  Investigation,  the  second-order  supersonic 
airfoil-section  theory  of  reference  7  ‘^as  used  to  determine  the  vari¬ 
ation  of  pressure  coefficient  along  the  chord  of  the  tall  surface  and 
hence  the  entire  pressure  field  above  and  below  the  tail.  For  purposes 
of  these  calculations,  dimensions  of  the  dead-air  region  were  obtained 
from  schlieren  photographs.  It  was  found  in  all  oases  that  the  con¬ 
vergence  of  the  dead-air  region  was  negligible  and  that  the  length  of 
this  region  was  approximately  equal  to  the  base  diameter.  Thus,  the 
representation  of  the  dead-air  region  by  a  cylinder  having  a  length  of 
one  base  diameter  is  considered  adequate  in  the  appllation  of  the 
present  simplified  analysis.  The  base— pressure  increments  due  to  the 
cruciform  tail  were  taken  as  twice  the  corresponding  values  for  the  plane 
tail,  since  any  Interaction  effects  between  the  vertical  and  horizontal- 
tail  pressure  fields  are  neglected. 
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The  qualitative  effects  of  such  variables  as  tail  position  and 
Mach  number  on  the  base-press'jre  increment  due  to  tail  surfaces  are^ 
apparent  from  a  consideration  of  the  sketch  of  figure  4.  If  the  tail 
were  moved  well  forward  of  the  base,  the  flow  field  behind  the  base 
would  be  entirely  free  of  the  airfoil  pressure  field,  that  is,  region  (2) 
would  not  exist,  and  no  effect  of  the  tail  surfaces  on  the  base  pressure 
would  be  expected.  As  the  tail  is  moved  rearward,  an  increasing  portion 
of  the  flow  behind  the  base  of  the  body  is  subjected  to  the  negative  preS' 
sure  field  at  the  rear  of  the  airfoil,  resulting  in  a  corresponding 
reduction  in  the  base  pressure.  As  the  tall  is  moved  farther  rearward, 
the  pressures  in  region  (2)  become  Increasingly  positive  and  a  positive 
base— pressure  increment  results.  One  effect  of  Mach  number  on  the  base- 
pressure  increment  due  to  tail  surfaces  may  be  visualized  by  considering 
the  lines  of  constant  airfoil  pressure  (shown  in  fig.  4)  to  be  Inclined 
farther  rearward  as  the  Mach  number  is  increased.  As  a  result  of  this 
Increased  inclination  in  the  airfoil  isobars,  the  base  pressure  is 
influenced  by  the  tail  surfaces  at  tail  positions  farther  forward  than 
at  lower  Mach  numbers.  In  addition,  the  airfoil  pressure  coefficient 
at  any  chord  location  decreases  with  increasing  Mach  number.  On  the 
basis  of  this  simplified  analysis,  the  net  effect  of  Mach  number  on  the 
■(jase- pressure  increment  due  to  the  presence  of  the  tail  siirfaces  is  the 
result  of  these  two  changes  in  the  airfoil  pressure  field. 


RESULTS  AETD  DISCUSSION 


The  principal  results  of  the  investigation  are  presented  in 
figures  5  and  6.  Figure  5  shows  the  variation  of  base-pressure  coef¬ 
ficient  with  Reynolds  number  for  various  selected  tail  locations.  The 
measured  and  estimated  increments  in  base-pressure  coefficient  resulting 
from  the  addition  of  plane  and  cruciform  tails  of  two  thickness  ratios 
are  given  in  figure  6  as  a  function  of  the  tall  position  along  the  body 
axis.  The  experimental  base-pressure  Increments  given  in  figure  6 
correspond  to  the  maximum  Reynolds  number  of  the  tests,  4.5  million. 

The  drag  coefficients  corresponding  to  the  base-pressure  coefficients 

Pj^  presented  in  figures  5  ^  can  be  obtained  from  the  relationship 


which  follows  directly  from  the  definition 
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Effects  of  Eeynolds  '^vmber 


Previous  experimental  investigations  (e.g.^  reference  1)  have  shown 
that  the  base  pressure  acting  on  a  body  depends  upon  the  nature  of  the 
boundary  layer  approaching  the  base.  For  a  laminar  boundary  layer^  the 
base-pressure  coefficient  becomes  more  negative  with  increases  in 
Eeynolds  nimber.  Transition  to  turbulent  flow  is  accompanied  by  a  posi¬ 
tive  increment  in  the  base— pressure  coefficient.  The  base  pressure  then 
remains  constant  with  further  Increases  in  the  Eeynolds  number.  The 
presence  of  tail  surfaces  on  a  body  would  be  expected  to  Induce  at  least 
partial  transition  of  the  boundary  layer ^  if  laminar.  '  Consequently,  the 
detemination  of  the  effect  of  tail  surfaces  on  the  base  pressure 
requires  a  loiowledge  of  the  nature  of  the  boundary  layer  approaching  the 
base. 

Limited  tests  of  the  model  with  smooth  surfaces  showed  that  the 
base  pressxure  of  the  body  alone  decreased  continuously  with  increasing 
Eeynolds  number,  indicating  a  laminar  boundary  layer  approaching  the 
base.  For  the  body  in  combination  with  the  tail  surfaces,  the  base- 
pressure  coefficient  was  essentially  independent  of  Eeynolds  number  but 
was  larger  in  absolute  magnitude  by  about  0.03  than  the  corresponding 
values  for  roughness  added  near  the  nose  of  the  body.  From  the  indi¬ 
cations  of  these  results,  it  is  believed  that  the  tail  surfaces  induced 
partial  transition  of  the  body  bouindary  layer,  as  expectedi. 

The  condition  of  most  practical  interest  is  one  in  which  the  flow 
approaching  the  base  has  a  fully  developed  turbulent  boundary  layer. 

The  results  given  in  figure  5  show  that  with  roughness  added  to  the 
body  near  the  nose  to  achieve  this  condition  the  base— pressure  coef¬ 
ficient  was  essentially  Independent  of  Eeynolds  number  above  about 
2  million  for  the  body  alone  and  in  combination  with  the  tail  surfaces. 
This  result  is  in  agreement  with  the  measurements  of  reference  1  which 
show  very  little  variation  of  base  pressure  at  Eeynolds  numbers  between 
2  and  I6  million  when  different  kinds  of  artificial  roughness  were  used. 
Likewise,  the  data  of  references  4  and  7  show  no  effect  of  Eeynolds 
nimber  between  5  100  million.  The  comparison  given  in  figin’e  7  shows 

that  for  the  body  alone  the  results  of  the  present  tests  are  in  close 
agreement  with  previous  results  obtained  at  Eeynolds  numbers  from  about 
2  to  16  million.  On  the  basis  of  this  comparison  and  of  the  results  of 
figure  5,  it  appears  that  the  base-pressure  results  of  the  present 
investigation  may  be  applicable  to  bodies  with  turbulent  boundary  layers 
at  Eeynolds  numbers  greater  than  those  tested.  Eesults  (not  shown  herein) 
obtained  during  this  investigation  with  artificial  roughness  on  the  tail 
aiurfaces  near  the  leading  edge  showed  no  effect  on  the  base  pressure  at 
Eeynolds  numbers  above  2  million. 
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Effects  of  Tail  Location 


The  results  presented  in  figure  6  show  that  the  addition  of  tall 
surfaces  to  the  tody  resulted  in  a  hase-pressure  reduction  (base-drag 
increase)  over  most  of  the  range  of  tail  positions  tested.  The  decrease 
in  base-pressure  coefficient  was  small  for  the  tail  located  well  forward 
of'  the  base  but,  for  the  normal  tail  position,  x/c  ^  0,  this  change  was 
nearly  the  maximum,  amounting  to  about  70  percent  at  M=1.5  35  percent 

at  M=2.0.  As  the  tail  surfaces  were  moved  aft  of  this  position,  the 
base-pressure  increment  decreased  to  zero  and  became  positive  at  the 
most  rearward  tail  location.  Thus,  for  the  10— percent— thick  fins  tested, 
a  large  body-base-drag  reduction  can  be  realized  by  the  placement  of  tail 
fins  ahead  of  or  behind  the  normal  uail  location  (x/c  ^O). 

The  results  of  tests  made  at  a  Mach  number  of  2 .0  with  the 
cylindrical  portion  of  the  body  extended  about  1.6  diameters  (long  body) 
showed  the  same  changes  in  base  pressure  at  all  tail  locations  as  was 
shown  for  the  original  (short)  body.  This  agreement  indicates  that  the 
effect  of  the  body-nose  pressure  field  on  the  tail  pressures  and  hence 
on  the  base  pressure  is  negligible  and  that  the  results  presented  may 
be  applied  to  bodies  of  revolution  having  larger  fineness  ratios. 

A  comparison  of  the  results  presented  in  figure  6  shows  that  a 
similar  trend  existed  between  the  experimental  results  and  the  estimated 
variation  in  base— pressure  increment  with  tail  position.  It  appears 
that  the  qualitative  effect  of  tail  position  on  the  base  pressure  and  the 
order  of  magnitude  of  the  maximum  base-drag  increase  due  to  the  addition 
of  tail  surfaces  can  be  predicted  by  the  approximate  method  used,  how¬ 
ever,  it  is  evident  that  the  method  is  inadequate  for  a  quantitative 
evaluation  of  the  effect  of  tail  surfaces  on  base  pressure,  particularly 
with  the  tail  located  partially  behind  the  body  base. 

The  results  shown  in  figure  6  indicate  that  for  the  present  con¬ 
figuration  the  base-drag  increase  due  to  tail  surfaces  may  be  reduced 
or  eliminated  by  the  placement  of  the  tail  behind  the  body  base.  However 
it  might  be  expected  that  such  an  arrangement  would  be  accompanied  by  an 
Increase  in  the  drag  of  the  tail  surfaces  because  of  the  increased  tall 
area  exposed  to  the  air  stream,  and  because  a  portion  of  the  tail 
(principally  near  the  trailing  edge)  is  located  in  a  reduced  pressure 
field  due  to  the  expansion  around  the  base  of  the  body.  The  results  of 
limited  tests  made  to  measure  this  effect  showed  that  as  the  trailing 
edge  of  the  tail  was  moved  from  the  base  to  one  chord  length  behind  the 
base,  the  drag  coefficient  of  the  tail  surfaces  increased  essentially 
linearly  with  tail  position.  For  the  10— percent— thick  cruciform  tail, 
for  example,  the  change  in  the  tail  drag  coefficient  (based  on  the  body 
frontal  area)  corresponding  to  this  movement  was  about  0.10  at  M=1.5. 
and  0.08  at  M=2.0.  These  results  indicate  that  in  terms  of  the  total 
drag,  the  favorable  effect  of  moving  the  tail  from  x/c  =  0  to  —1.0  is 
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partially  ofi*3et  ty  this  tail-drag  increase. 


Effects  of  Airfoil  Thickness 


The  results  of  figure  6  show  that,  except  for  the  most  rearward 
positions  of  the  tail  surfaces,  the  hase-pressure  increment  for  the 
5-percent— thick  surfaces  was  about  half  .that  for  the  lO-percent-thick 
surfaces.  This  result,  which  is  in  agreement  with  the  simplified 
analytical  result  (fig.  6),  is  reasonable  since  the  airfoil  pressures 
are  proportional  to  the  local  slopes  of  the  surface  which  in  turn  are 
directly  proportional  to  the  maximum  thickness  ratio. 


Effect  of  Number  of  Tail  Surfaces 


A  comparison  of  the  results  for  the  plane  tail  with  those  of  the 
crucifom  tail  (fig.  6)  shows  that,  in  general,  the  base— pres sirre 
increment  was  increased  by  increasing  the  nimber  of  tail  surfaces,  How¬ 
ever,  this  increment  was  not  directly  proportional  to  the  number  of  tall 
surfaces,  as  the  base— pressure  increment  due  to  the  cruciform  tall  in 
most  cases  was  less  than  twice  as  much  as  that  due  to  the  plane  tail. 

This  result  indicates  that  the  Influence  of  each  tail  surface  on  the  base 
pressure  cannot  be  considered  independently,  inasmuch  as  a  significant 
Interaction  effect  on  the  base  pressure  exists  between  the  panels  of  a 
multiple— tail  configuration.  A  comparison  of  these  results  with  the 
estimated  values  shows  that,  in  all  cases,  the  maximum  base— pressure 
decrements  due  to  the  plane  tail  are  in  close  agreement  with  the  esti¬ 
mated  values;  whereas  the  corresponding  values  are  overestimated  for  the 
cruciform  tail  surfaces.  This  difference  is  presumably  due  to  neglecting, 
in  these  calculations,  any  interaction  between  the  pressure  fields  of  the 
adjacent  panels  of  a  cruciform  wing. 


Effects  of  Mach  Number 


The  results  presented  in  figure  6  show  that  an  increase  in  Mach 
number  from  I.5  to  2.0  was  accompanied  by  a  general  reduction  in  the 
magnitude  of  the  base— pressure  Increment  due  to  the  tail  surfaces  and 
by  a  change  in  the  variation  of  this  Increment  with  tail  position.  The 
former  effect  according  to  the  simplified  analysis  la  the  result  of  the 
decrease  in  the  absolute  magnitude  of  the  airfoil  pressure  coefficients 
with  Increasing  Mach  number,  and  the  latter  effect  is  attributable  to 
the  change  in  inclination  of  the  lines  of  constant  airfoil  pressure  as 
discussed  previously. 
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A  comparison  of  the  results  of  the  present  Investigation  with  those 
from  previous  tests  is  shown  in  figure  7  for  the  body  without  tall  s\ir— 
faces  and  with  the  cruclfoim  tall  located  at  x/c  =  0.  The  body— tall 
configuration  Investigated  in  references  4  and  7  was  essentially  the  same 
as  that  of  the  present  tests.  Figure  7  shows  that  the  present  base- 
pressure  results  are  in  essential  agreement  with  previous  results  for 
the  body  alone  at  both  Mach  nvimbers  investigated  and  for  the  body  with 
tall  surfaces  at  M=2.0.  At  M=l,5,  however,  the  base— pressiare  coefficient 
measured  in  the  present  tests  was  more  negative  than  the  corresponding 
result  from  reference  k.  Although  the  e3i)lanation  for  this  difference 
at  M=l,5  is  not  known,  the  resiilts  of  the  present  Investlgaticai  serve  to 
indicate  that  the  Influence  of  tail  surfaces  on  the  base  pressure  Is 
large  enough  to  account  for  the  discrepancy  between  previous  base- 
pressure  results  for  a  body  with  tail  surfaces  (reference  4)  and  those  for 
bodies  without  tail  surfaces  (references  1,  2,  and  3) • 


Design  Considerations 


The  foregoing  results  show  that  the  presence  of  tail  surfaces  near 
the  base  of  a  body  of  revolution  can  result  in  a  large  increase  in  the 
base  drag  at  supersonic  speeds.  In  addition  to  the  major  factors  inves¬ 
tigated  in  these  tests  (tall  location,  airfoil  thickness,  number  of  tail 
surfaces,  and  Mach  number),  the  magnitude  of  this  base— drag  increase  Is 
also  expected  to  be  a  function  of  such  design  variables  as  the  tail  plan 
form,  airfoil  section,  and  the  tail  plan-form  area  relative  to  the  base 
area.  The  introduction  of  sweep  or  taper  into  the  tall  plan  form  would 
tend  to  change  the  base-drag  Increment  due  to  the  tall  sxrrfaces  as  a 
result  of  the  change  in  the  pressure  distribution  near  the  tail  root 
section.  The  base  drag  is  a  fmction  of  the  tall  airfoil  section  by 
virtue  of  the  airfoil— thickness  distribution  and  hence  the  pressure  dis¬ 
tribution.  For  a  tail  surface  having  the  trailing  edge  near  the  base, 
airfoil  sections  having  small  traillng-edge  angles,  such  as  a  double- 
wedge  or  a  blunt— trai ling-edge  section,  appear  to  be  the  most  favorable 
since  the  pressure  coefficients  for  these  airfoils  are  small  in  the 
region  of  the  body  base. 

The  results  given  in  figure  6  indicate  that,  in  order  to  avoid  or 
minimize  the  base-drag  increase  due  to  tail  surfaces,  the  tail  should  be 
placed  well  ahead  of  or  behind  the  base  of  the  body.  Movement  of  the 
tail  forward,  however,  entails  an  increase  in  the  tall  area  to  maintain 
a  given  static  margin.  This  increase  in  the  tail  area  would  result  in 
^^brease  in  the  drag  of  the  tail  and  hence  would  partially  offset  the 
reduction  in  base  drag  due  to  the  forward  movement  of  the  tall  surfaces. 
Movement  of  the  tail  surfaces  behind  the  base  Incurs,  in  addition  to  an 
increase  in  tall  drag,  structural  complications  leading  to  a  weight 
penalty.  A  possible  method  for  circumventing  these  difficulties  is  the 
addition  of  a  thin  shell  behind  the  base  having  the  same  diameter  as  the 
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■body.  With  this  lody  extension  tlie  tail  siirfaces  could  te  far  enough 
ahead  of  the  “base  to  eliminate  any  effect  of  the  tail  on  the  "base  drag. 
The  small  additional  friction  drag  caused  by  the  'body  extension  would 
■be  partially  or  wholly  compensated  “by  the  reduction  in  the  tail  area 
permitted  ^by  the  rearward  center~of— pressure  shift  due  to  the  body 
extension* 


COKCLUSIONS 


Wind-tunnel  tests  were  performed  at  Mach  numbers  of  I.5  and  2.0  to 
investigate  the  effect  of  tail  surfaces  on  the  base  pressure  of  an 
unbdattailed  body  of  revolution  having  a  tiurbulent  boundary  layer.  The 
tail  surfaces  were  of  rectangular  plan  form  and  had  a  symmetrical 
circular-arc  airfoil  section.  >  The  results  are  compared  with  estimated 
values  based  on  a  simple  superposition  of  the  airfoil— pressure  field 
onto  the  base— pressure  field  behind  the  body.  The  following  conclusions 
have  been  drawn  from  the  results  of  the  investigation: 

1.  The  addition  of  tail  surfaces  with  the  trailing  edges  near  the 
base  of  the  body  resulted  in  a  large  Increase  in  the  base  drag,  For  a 
cruciform  tail  having  a  lO—percent— thick  airfoil  section,  this  increase 
was  about  70  percent  at  a  Mach  number  of  I.5  a>nd  35  percent  at  a  Mfech 
number  of  2.0.  As  the  tail  was  moved  forward  or  aft  of  this  location 
by  about  one  tail-chord  length,  this  base-drag  increment  was  eliminated. 
With  the  tail  leading  edge  located  at  the  base  of  the  body,  the  base  drag 
was  less  than  for  the  body  alone*  However,  movement  of  the  tail— surface 
trailing  edges  to  positions  behind  the  base  resulted  iii  an  increase  in 
the  drag  of  the  tail  surfaces. 

2,  The  estimated  variation  of  the  base-drag  increment  with  axial 
tail  location  was  similar  to  the  experimental  trend  in  most  cases; 
however,  the  quantitative  agreement  with  the  experimental  measurements 
generally  was  poor* 

3*  The  increment  in  base  drag  due  to  the  presence  of  tall  surfaces 
was  essentially  independent  of  Eeynolds  number  from  a  value  of  2  million 
to  6  million  based  on  the  body  length. 

4.  The  base-drag  increments  due  to  the  presence  of  10-percent-thick 
tall  surfaces  were  essentially  twice  those  due  to  5-percent-thick  surfaces 
The  increments  due  to  a  cruciform  tail  were  less  than  twice  those  due  to 
a  plane  tail. 

5*  The  maximum  increase  in  base-drag  coefficient  due  to  the  presence 
of  the  tail  surfaces  was  reduced  by  an  Increase  in  Mach  number* 

Ames  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 

Ivioffett  Field,  Calif.,  March  7,  I95I. 
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(a)  Model  dimensions. 


(b)  Model  installed  in  tunneL 


Figure  2-  Model  and  support  . 
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Figure  3.  -  Base -pressure  survey-rake  mstailafian. 


/  Region  of  uniform  base  pressure. 

2  Region  of  influence  of  toil  surfaces  on  base  pressure. 


Airfoil  thickness 
pressure  field 


Figure  4.-  Sketch  of  simplified  flow  field  in  the  neighbor 
hood  of  the  base  of  a  body  -  tail  combination. 


Base-pressure  coefficient 


mCA  TN  2360 


21 


Tail  location,  x/c 
o  i.O 
□  0.6 
<3>  0.2 

A  -0.2 
A  -0.6 

a  -1.0 


Reynolds  number,  R 


(a)  M  ^  1.5 

Figures.-  Variation  of  base  -  pressure  coefficient  with  Reynolds 
number;  cruciform  tail,  t/c  -  O.iO,  roughness  added  to 
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Tail  location,  x/c 

o  LO 
□  06 
O  0.2 
tk-0.2 
A  ^0.6 
O  -LO 
Q  Toil  off 


Reynolds  number,  R 


(b)  M^2.0 
Figure  5.  -  Concluded. 


Change  in  base- pressure  coefficient 
due  to  tail  surfaces , 
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Tail  thickness  Simplified 

ratio,  t/c  analysis 

o  0.05  - 

□  0.10  — _ 


tail  chord  c 

(b)  M-  2.0 


Figure  6.  -  Concluded. 
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Figure  7-  Comparison  of  present  base  -  pressure  data  with  previous  results. 


